Abstract-We present a comprehensive investigation of laser induced damage in silicon by implementing a methodology allowing the identification and the localization of the defects. PL analyses combined with TEM reveals that laser annealed samples reveal the presence of Carbon and Oxygen related defects, in the form of C-lines and G-lines (including the associated G satellite lines). Additional Oxygen related defects (Si-O-Si complexes) were revealed by FTIR analysis. Based on SIMS analyses combined with chemical etch, it is found that the optical defects observed in laser annealed samples originate from the oxygen atoms and carbon impurities contained in the surface native oxide from which they are released and subsequently diffuse into the substrate during anneal down to the liquid/solid interface.
I. INTRODUCTION
Laser Thermal Annealing (LTA) in conjunction with ion implantation has been demonstrated to be a very effective method to create heavily doped regions for ultra-shallow junction needed in both advanced MOSFET and solar cells technology [1] [2] [3] . More generally, laser annealing is very attractive due to the localised nature of the annealing process (both on the wafer surface and in depth), allowing dopants to be activated while preserving the integrity of the surrounding areas. However, some researchers reported a degradation of the electrical performance of the molten areas which can result in an increase of leakage current in MOS transistors [4] or a decrease of carrier lifetime in solar cells [5] . However, the depth distribution of the laser induced damage has been rarely investigated in detail. Few works use photoluminescence spectroscopy (PL) to identify the defects induced by laser annealing [6, 7] , but the observed spectral modifications remain difficult to interpret, especially when with an implantation process occurs before anneal or when no other complementary characterization methods are used. Indeed, PL is a method of choice for the very fine analysis of defects in the semi-conductor materials with a detection limit of 10 6 cm -3 [8] and the ability to assign a specific "signature" to each type of defect. In this work, we propose to clarify the luminescence spectral modifications generated by laser anneal on non-implanted in-situ doped samples through the identification of each peak and by the correlation of PL observations with complementary characterization methods.
II. EXPERIMENT
A. Samples
1.
42 Ω single crystal 300 mm Cz Si (10 x 10 mm 2 size 308 nm XeCl excimer laser with an energy density ranging from 1.7 to 8.0 J/cm 2 . Each zone received 10 laser shots with a pulse duration ≈160 ns.
B. Photoluminescence setup
PL measurements were performed in the 8-300 K range; the samples were mounted on a cold finger placed in the vacuum chamber of a closed cycle He cryostat. We use a 200 mW 488 nm laser diode or 70 mW 375 nm laser diode (Oxxius, Lannion, France) as the excitation source. The emitted photoluminescence was collected by a 10X 0.26 NA objective (Plan Apo NIR, Mitutoyo, Japan) and analyzed using a spectrometer (Andor, SR193i, Belfast, UK). The combination of the InGaAs detector (512 pix) with a 85 l/mm, 1200 nm blazed grating and a 10 µm slit width results in a spectrometer resolution of 1.9 nm. The spectra are recorded as a function of wavelength, which is converted into energy values E according to equation (1) and into energy band I E using equation (2): where h is the Plank's constant, c is the speed of light in free space and λ is the wavelength.
III. RESULTS AND DISCUSSION

A. Defects identification
The spectra obtained on the reference non-annealed sample and the annealed samples with energy densities between 2 and 8 J/cm² are presented Fig. 1 . The spectra are obtained with a 488 nm laser and a power of 2 mW. The acquisition temperature is 50 K and the spectra are normalized with respect to the broad peak centered at 1.07 eV corresponding to the band-to-band transition of silicon. No other peaks are visible in this energy range in the non-annealed sample spectrum. In contrast, the annealed samples exhibit several peaks in a broad band extending from 0.78 to 1 eV. In addition, the intensity of this band increases with the energy density of the laserbeam. According to the literature, the peaks centered at 0.96 and 0.79 eV are attributed to the so called G-line and C-line, respectively, which clearly indicate that carbon-and oxygenrelated defects are formed in the laser annealed samples [10] . Indeed, the G emission (due to the relaxation of excitonic transitions) is attributed to the presence of a C s -Si-C i complex with C s and C i corresponding to carbon atoms in substitutional and interstitial sites, respectively; similarly, the C-line emission is attributed to a C i -O i complex representing a carbon atom in interstitial site interacting with an oxygen atom also in interstitial position. In the energy range between 0.89 and 0.96 eV, light emission can be due to several defects: dislocations, which are responsible for the so called D-lines, or carbon-related defects which exhibit G-line satellite peaks in this same energy range [11] . The dislocation-related D-lines have been observed in plastically deformed silicon [12] , epitaxial SiGe/Si stacks [13] or in multi-crystalline silicon (mc-Si) [14] . It was suggested that D-lines appear by pairs (D2/D1, D4/D3 and D5/D5') because of their behavior in similar temperature intervals [15] . In particular, the D4 band is due to radiative transitions occurring within a shallow unidimensional band formed by the dislocations deformation field, while the D3 line is a phonon replica of D4 [15] . The D1 and D2 peaks are related to the presence of oxygen precipitates [16] and D5 and D5' are caused by large dislocations [17] .
We investigated several laser annealed samples by TEM and typical micrographs obtained from two of them are shown in Fig. 2 . Both low magnification (cf. Fig. 2a ) and high-resolution micrographs (cf. Fig. 2b ) clearly indicate that the crystallinity of the Si structure is perfectly recovered after a melt laser anneal. The observed PL peaks in the 0.89-0.96 eV energy range cannot therefore be associated to dislocation related D-lines.
A zoom-in of the PL spectrum in this energy range for the sample annealed with 8 J/cm 2 is shown in Fig. 3 . A detailed analysis of this spectrum reveals that the observed peaks are satellite lines related to the G-line peak. In particular, in agreement with previous reports [11] , the acoustic transverse phonon replica G(TA) is found at 0.949 eV while the E satellite peak corresponding to local mode related to the vibration of carbon is observed at 0.897 eV. The main properties of the observed peaks are summarized in Table I . In addition to PL, the identification of defects was completed by FTIR (Fourier Transform InfraRed spectroscopy) measurements. In particular, FTIR was used to investigate the presence of oxygen in the laser annealed samples. To this purpose, the absorption by FTIR was measured using a germanium ATR (Attenuated Total Reflectance) accessory allowing to probe a thin silicon layer. Fig. 4 presents the absorption spectra of laser annealed samples with energy densities between 4.7 and 7.4 J/cm². The Ge-O 2 peak located at ~900 cm -1 is due to the ATR accessory. The main difference between the measured spectra occurs at ~1100 cm -1 , where a peak related to a Si-OSi complex is observed (cf inset of Fig. 4) [18] . The intensity of the observed Si-O-Si signal increases when the laser energy increases confirming that the formation of this complex is enhanced by the laser annealing process. No other peaks are observed by FTIR in the annealed samples.
In summary, PL and FTIR analyses indicate that both Cand O-related defects are formed during melt laser annealing. In order to assess whether the C-and O-atoms contained in these defects originate from the substrate or are introduced into the structure during annealing, we investigated the C and O chemical concentration profiles in all the annealed samples.
B. Defects localisation
Oxygen and Carbon concentration profiles were measured by Secondary Ion Mass Spectrometry (SIMS) with a Cameca IMS-4FE6 system. In Fig. 5 , oxygen depth profiles are reported for a reference non-annealed sample (black curve) and for samples annealed with energy densities in the range 2-8 J/cm 2 . Both the oxygen peak concentration and the penetration depth are found to increase with the laser energy density. In particular, the oxygen maximum penetration depth is in agreement with the calculated thickness of the melted regions (20 nm at 2 J/cm²; 450 nm at 4 J/cm²; 1000 nm at 6 J/cm²; 1600 nm at 8 J/cm²), which is compatible with an oxygen source being located at the sample surface, while the released oxygen fastly diffuses in the liquid phase down to the liquid/solid interface. It is therefore suggested that the thin native oxide located at the surface during anneal (whose thickness is typically between 1 and 2 nm) is the source of the observed oxygen impurities. Indeed, even the maximum dose of oxygen measured by . This concentration value corresponds to the known solubility limit of oxygen in liquid silicon [19] , suggesting that oxygen precipitation occur in the liquid phase during anneal and is "quenched" in the solid phase after recrystallisation.
SIMS analysis was also used to investigate the presence of carbon in the laser annealed samples. The measured C profile from the sample annealed at 8 J/cm 2 is reported in Fig. 6 together with the corresponding oxygen profile. For comparison, the C and O profiles from the non-annealed reference sample are also reported in the figure. Similarly to oxygen, C is found to penetrate from the surface during anneal and diffuse (without precipitation) down to the liquid/solid interface. This suggest that Carbon contaminants, generally contained in the surface native oxide, are the source of the observed profile. Indeed, SIMS analysis from a samples containing a surface "clean" thermal oxide showed no carbon penetration during laser anneal (not shown). These results therefore suggest that the optical defects observed in laser annealed samples (C-and G-lines in PL spectra, cf. Fig. 1 ) originate from the oxygen and carbon impurities contained in the surface native oxide that diffuse into the substrate during anneal. In order to confirm this scenario, we etched the 8 J/cm² annealed sample at different depths and observed the corresponding luminescence spectra. The spectra acquired on the sample without etching and etched at 70, 120, 200 and 380 nm depth (as measured by mechanical profilometer) are reported in Fig. 7 . The spectra were acquired with a 375 nm laser, whose penetration depth in silicon is ~20 nm. To compare the spectra, the acquisition parameters and the experimental conditions are strictly identical. All investigated samples exhibit similar PL spectra, including C-lines, G-lines and Gsatellite lines. However, the peak intensity is found to decrease when increasing the etch depth. An example is given in the inset for the G-line intensity. Considering the small penetration depth of the incoming laser (~20 nm), these results clearly indicate that the decrease of the PL intensity with depth is in perfect agreement with the decrease of C and O concentrations, measured by SIMS, confirming that they are the cause of the observed PL signal. This is also supported by the corresponding increase in the intensity of the Si-BB peak (at ~1.06 eV) when increasing the etch depth. Indeed, when increasing the etch depth, the contribution of the undamaged Si substrate to the overall PL spectrum becomes more prominent.
IV. CONCLUSION
In this work, we presented a comprehensive investigation of laser induced damage in silicon by implementing a methodology allowing the identification and the localization of the defects.
PL analyses combined with TEM reveals that laser annealed samples reveal the presence of Carbon and Oxygen related defects, in the form of C-line and G-lines (including the associated G satellite lines). Additional Oxygen related defects (Si-O-Si complexes) were revealed by FTIR analysis.
Based on SIMS analyses combined with chemical etch, it is found that the optical defects observed in laser annealed samples originate from the oxygen atoms and carbon impurities contained in the surface native oxide from which they are released and subsequently diffuse into the substrate during anneal down to the liquid/solid interface.
